, Kenji Kawamura 3, 4 , Maureen E. Raymo 5 , Jun'ichi Okuno 1, 2, 3 , Kunio Takahashi   2 & Heinz Blatter 1, 6 The growth and reduction of Northern Hemisphere ice sheets over the past million years is dominated by an approximately 100,000-year periodicity and a sawtooth pattern 1, 2 (gradual growth and fast termination). Milankovitch theory proposes that summer insolation at high northern latitudes drives the glacial cycles 3 , and statistical tests have demonstrated that the glacial cycles are indeed linked to eccentricity, obliquity and precession cycles 4, 5 . Yet insolation alone cannot explain the strong 100,000-year cycle, suggesting that internal climatic feedbacks may also be at work [4] [5] [6] [7] . Earlier conceptual models, for example, showed that glacial terminations are associated with the build-up of Northern Hemisphere 'excess ice' 5, [8] [9] [10] , but the physical mechanisms underpinning the 100,000-year cycle remain unclear. Here we show, using comprehensive climate and ice-sheet models, that insolation and internal feedbacks between the climate, the ice sheets and the lithosphere-asthenosphere system explain the 100,000-year periodicity. The responses of equilibrium states of ice sheets to summer insolation show hysteresis [11] [12] [13] , with the shape and position of the hysteresis loop playing a key part in determining the periodicities of glacial cycles. The hysteresis loop of the North American ice sheet is such that after inception of the ice sheet, its mass balance remains mostly positive through several precession cycles, whose amplitudes decrease towards an eccentricity minimum. The larger the ice sheet grows and extends towards lower latitudes, the smaller is the insolation required to make the mass balance negative. Therefore, once a large ice sheet is established, a moderate increase in insolation is sufficient to trigger a negative mass balance, leading to an almost complete retreat of the ice sheet within several thousand years. This fast retreat is governed mainly by rapid ablation due to the lowered surface elevation resulting from delayed isostatic rebound [14] [15] [16] , which is the lithosphere-asthenosphere response. Carbon dioxide is involved, but is not determinative, in the evolution of the 100,000-year glacial cycles.
Several internal feedback mechanisms have been suggested as crucial in 100-kyr glacial cycles, such as delayed bedrock rebound [14] [15] [16] , the calving of ice-sheet margins 15 , CO 2 variations 17, 18 , ocean feedback 16 and dust feedback 19, 20 . The importance of these mechanisms needs to be investigated with physical models. Here we report numerical experiments with an ice-sheet model for the Northern Hemisphere, IcIES, in combination with the general circulation model (GCM) MIROC (Methods and Supplementary Fig. 1 ). Although it is not practical to run GCMs with fully coupled ice-sheet models on glacial-interglacial timescales 21 , it is necessary to take into account the feedback from ice sheets on climate. In this study, a climate parameterization for the icesheet model is developed and calibrated using a suite of multi-snapshot atmospheric GCM experiments forced with different insolation values (for different eccentricities, obliquities and precessions), CO 2 concentrations and ice-sheet sizes, calculated in advance 22 . The ice-sheet model with the climate parameterization (IcIES-MIROC) can represent fast feedbacks, such as water vapour, cloud and sea-ice feedbacks, and slow feedbacks, such as albedo/temperature/ice-sheet and lapserate/temperature/ice-sheet feedbacks 22 . We calculate the ice-sheet variation for the past 400 kyr forced by the insolation and atmospheric CO 2 content with improved dating 23 after running the simulation long enough to remove the dependence on the initial conditions (Figs 1a, b ; Methods). After validating these results using palaeoclimate proxy data, we conducted sensitivity experiments to investigate the mechanism of ,100-kyr glacial cycles.
Our model realistically simulates the sawtooth characteristic of glacial cycles, the timing of the terminations and the amplitude of the Northern Hemisphere ice-volume variations (Fig. 1d ) as well as their geographical patterns at the Last Glacial Maximum and the subsequent deglaciation (Supplementary Figs 2 and 3 and Supplementary Video 1). In the frequency domain, our model produces the largest spectral peak at a periodicity of ,100 kyr, as observed in the data ( Fig. 1) , even without the ocean feedback 16 or dust feedback 19 . In a series of model experiments, we investigated the roles of CO 2 (which also varies with a 100-kyr periodicity; Fig. 1b) , various model parameters such as the time constant and the effective mantle density for isostatic rebound, and mass loss due to calving into proglacial lakes. The ,100-kyr periodicity, the sawtooth pattern and the timing of the terminations are reproduced with constant CO 2 levels 20, 24 (for example 220 p.p.m.; Fig. 1e ), and are robust for a range of model parameters ( Supplementary Fig. 4 ).
By contrast, the spectral peak of ,100-kyr cycles is greatly reduced, and permanent large ice sheets remain, with the imposition of instantaneous isostatic rebound (Fig. 1f) . This result supports the idea that the crucial mechanism for the ,100-kyr cycles is the delayed glacial isostatic rebound 14, 15 , which keeps the ice elevation low, and, therefore, the ice ablation high, while the ice sheet retreats. We note, however, that CO 2 variations can result in amplification of the full magnitude of ice-volume changes during the ,100-kyr cycles, but do not drive the cycles. Ice-sheet changes may induce variations in CO 2 through changing sea surface temperature, affecting the solubility of CO 2 (ref. 25 ), and through changing sea level, affecting the stratification of and CO 2 storage in the Southern Ocean 18 . During deglaciation, the melt water may affect ocean circulation, leading to an increase in atmospheric CO 2 (refs 23, 26, 27) .
A striking feature of our results is that, in the experiments with constant CO 2 levels, the strong ,100-kyr cycle with a large amplitude appears only for the North American ice sheet within a particular range of CO 2 levels; the spectral peak of ,100-kyr cycle becomes small compared with those of ,41 and ,23-kyr cycles for CO 2 levels above 230 p.p.m. or below 190 p.p.m. (Fig. 1g) . The Eurasian ice sheet responds only to insolation forcings at ,41-kyr and ,23-kyr periodicities, with small amplitudes in all cases (Fig. 1h) . To investigate the mechanisms behind these observations, we conducted 200-kyr model experiments to obtain stable equilibria of both ice sheets for a range of prescribed climatic forcings, starting from either no ice or from large ice sheets; we use summer temperature anomalies ranging from 25 to 13 K relative to the present day.
Because of strong albedo and topographic feedbacks, ice sheets are expected to have multiple stable equilibria [11] [12] [13] . We indeed observe two different equilibrium states for a range of climatic forcings, depending on the initial size of the ice sheets. Figure 2a shows maps of the equilibrium ice sheets and their corresponding surface mass balances, for various climate forcings, computed with large initial ice sheets. We also show the equilibrium volumes of the North American and Eurasian ice sheets versus the climate forcing (Fig. 2b) , which both have hysteresis loops but with different shapes. For each ice sheet, the lower and upper branches in the ice-volume hysteresis loop (Fig. 2b , blue and red lines) correspond to equilibrium states resulting from small and large initial states, respectively. The hysteresis branches define the ice-sheet states with neutral (equilibrium) mass balance for a given climatic forcing; the ice-sheet gains (or loses) mass if the climatic forcing falls below the lower branch (or rises above the upper branch). Crucially, the larger the ice sheet becomes, the smaller the forcing required for negative mass balance, as is reflected in the inclination of the upper branch. The positions and shapes of the hysteresis loops, and especially the inclinations of the upper branches, are quite different for the two ice sheets. The equilibrium states on the upper hysteresis branch of the North American ice sheet vary gradually over a wider range of forcings, from 22 to 12 K, relative to those of the Eurasian ice sheet, which range from 22 to 21 K (Fig. 2a, b) .
To identify the physical mechanisms causing ,100-kyr cycles, we compare the results of equilibrium states with the simulated transient ice volume of the standard case with varying insolation and CO 2 forcings for the most recent glacial cycle (Fig. 1d) ; these data are plotted together in Fig. 2b . To enable the comparison, we converted insolation and CO 2 forcings to the summer temperature anomaly 22 (Methods). For the North American ice sheet, starting from the last interglacial forcing, 122 kyr before present (BP), with no ice, a rapid decrease in insolation well below the lower branch forces the mass balance to become positive and large, triggering the inception and growth of the ice sheet from the Canadian high Arctic, around latitude 70u N, to Labrador. Although the summer insolation maxima are large for the first two precessional cycles because of large eccentricity (104 and 84 kyr BP; Fig. 2b ), the mass balance becomes negative only for a few thousand years because the upper hysteresis branch extends to high forcing values for small volumes.
As the ice sheet grows, the insolation forcing required for negative mass balance gradually becomes smaller. However, the reduction in eccentricity also makes the subsequent insolation maxima smaller, so the ice sheet continues to experience mostly a positive or near-neutral mass balance. By the fifth precession minimum (24 kyr BP) since the most recent interglacial period, near the eccentricity minimum, the volume of the North American ice sheet reaches nearly 90 m sea-level equivalent (that is, a volume equivalent to a change of 90 m in global sea level). At this stage, the southern margin of the large ice sheet is warm enough that a moderate climatic forcing can cause the ice sheet to retreat. With the subsequent increase in eccentricity, the summer insolation forcing in the next precessional cycle provides enough time and intensity for a rapid disintegration of the ice sheet (note the large excursion of insolation forcing above the upper hysteresis branch; Fig. 2b) , which is why a large ice volume, called 'excess 100-kyr ice' 8 , is observed before each glacial termination.
The upper branch in our hysteresis loop defines the threshold in ice volume and insolation at which the switch from a glacial state to a deglacial state occurs. Whereas the growth rate is governed by the gradual accumulation of snow, the retreat rate is governed by highly nonlinear processes such as the large ablation of ice that results from 
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the low surface elevation due to the delayed isostatic response. Other processes may enhance the fast retreat, such as calving into proglacial lakes ( Supplementary Fig. 2 ), increasing CO 2 concentrations, dust feedback 20 , vegetation feedback 28 and basal sliding 29 . In contrast to the North American ice sheet, the dominant cycle of the volume of the Eurasian ice sheet has a period of ,40 kyr, and the volume never grows beyond 40 m sea-level equivalent. This pattern occurs for two reasons. First, the hysteresis branches of the ice volume are located within the lower half of the range of possible forcing variations (Fig. 2b) . Thus, the ice sheet loses mass for a long time during insolation cycles. The difference in the positions of the hysteresis branches stems from the summers being generally warmer over Eurasia than over North America at high latitudes. Second, and more fundamentally, the upper hysteresis branch shows a step change, similar to that which occurs over Antarctica 13 , whereby the volume decreases by 120 m sealevel equivalent for an increase in climatic forcing of only 1 K. Thus, regardless of the mean climatic state, the Eurasian ice sheet would not show ,100-kyr cycles because it cannot sustain intermediate ice volumes under the widely varying summer insolation forcing (equivalent to 6 K in a precessional cycle); the ice sheet can be only very large or very small (not shown). In summary, the shape and position of the hysteresis curve, different for each continent and for different constant CO 2 levels, are important in determining whether the dominant climatic cycle is ,100 kyr or ,40 kyr in period.
The ice sheets behave as a dynamical system: an ice sheet tends to approach a stable equilibrium state that also changes with time as the climatic forcing changes. This behaviour is illustrated in Fig. 2c , which shows the time series of the volume evolution (black lines) and the attracting steady states (blue and red lines) corresponding to the hysteresis branches in Fig. 2b . Points where the stable equilibrium state lines cross correspond to changes in the sign of the mass balance and, thus, to changes between growing and shrinking ice sheets. The different timescales for growth (,10 4 yr) and decay (,10 3 yr) result in the decreases in volume evolution (Fig. 2c, black curves) to be much steeper than the increases. This asymmetry ultimately explains the characteristic sawtooth shape of the glacial cycles.
To understand the relative importance of the three astronomical parameters in generating the ,100-kyr cycles of the North American ice sheet, we conducted model experiments in which we kept fixed the eccentricity, obliquity or precession in turn, under a constant CO 2 concentration of 220 p.p.m. Results show that the ,100-kyr cycles persist for fixed obliquity, but not for fixed eccentricity or for fixed precession ( Fig. 3 and Supplementary Fig. 6 ). These results demonstrate the essential role of precession and the eccentricity variation for the ,100-kyr cycle. Obliquity is not the driver of the ,100-kyr cycle, although it helps to amplify the ice-volume changes from glacial states to interglacial states. In summary, our model results suggest that the ,100-kyr cycle is essentially produced by the eccentricity modulation of precession amplitude through the changes in summer insolation 8 , with the support of obliquity for glacial terminations, especially when eccentricity remains small after its minimum (for example at termination I 20-10 kyr BP and at termination IV 340-330 kyr BP). 
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A remarkable conclusion from our model results is therefore that the 100-kyr glacial cycle exists only because of the unique geographic and climatological setting of the North American ice sheet with respect to received insolation. Only for the North American ice sheet is the upper hysteresis branch moderately inclined; that is, there is a gradual change between large and small equilibrium ice-sheet volumes over a large range of insolation forcings. For this reason, as demonstrated in Fig. 2b , the amplitude modulation of summer insolation variation in the precessional cycle, due primarily to eccentricity, is able to generate the 100-kyr cycles with large amplitude, gradual growth and rapid terminations.
METHODS SUMMARY
A climate parameterization, taking into account the relevant climatic factors that control the ice-sheet evolution, is obtained from a suite of experiments using the MIROC GCM. On the basis of this climate parameterization, we drive the thermomechanically coupled shallow-ice-sheet model IcIES to study the impact of insolation and atmospheric CO 2 content on the change of Northern Hemisphere ice sheets. The experimental methods using the IcIES-MIROC model follow ref. 22 with a few modifications, as follows. The interaction between ice-sheet volume/area and the surface temperature is composed of the lapse-rate and albedo effects, and, as a novel term, the stationary-wave feedback, which is expressed as a spatial pattern of a temperature anomaly determined by GCM runs, weighted by a factor that depends on the ice-covered area over North America. The modifications in the ice sheet model concern the parameterization for basal sliding over the sediment and hard rock, which uses a realistic map of sediment thickness; the calving parameterization at the margin in terms of prescribed grounding-line flux; and the parameters in the isostatic rebound scheme, which are optimized by using a coupled ice-sheet/lithosphere/asthenosphere model. b, Corresponding spectra of insolation change in a (as in Fig. 1a) . c, Calculated ice-volume change, expressed as sea-level equivalent (colours same as in a). d, Corresponding spectra of calculated ice-volume change in c (as in Fig. 1d ).
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IcIES-MIROC model. The IcIES-MIROC model used in this study corresponds to the one described in ref. 22 , with a few modifications explained below. The climate factors that control the ice-sheet changes, such as lapse rate and albedo feedback, are obtained from a suite of experiments using discrete GCM snapshots to obtain a climate parameterization 31 . On the basis of this climate parameterization, we drive the ice-sheet model to study the impact of orbital parameters and atmospheric CO 2 content on the change of Northern Hemisphere ice sheets. Climate parameterization. To examine the response of climate to the orbital parameters, CO 2 and ice sheets, the atmospheric part of the atmosphere-ocean coupled GCM MIROC is used (K-1 developers, The University of Tokyo, 2004; http://ccsr.aori.u-tokyo.ac.jp/,hasumi/miroc_description.pdf). The model resolutions used in the present study are T106 (1u latitude, 1u longitude) and 20 vertical sigma levels with ,50-m thickness near the ice-sheet surface, and T42 with 11 levels, as in table 1 in ref. 22 . The model includes dynamical and physical processes such as radiative transfer and high-resolution boundary-layer physics, which are necessary to resolve processes crucial for modelling the ice-sheet/climate system of the glacial cycles.
From the set of 18 sensitivity experiments with MIROC
22
, including PMIP (Paleoclimate Modelling Intercomparison Project) experiments 32 , the climatic effects of the changes in orbital parameters, atmospheric CO 2 content, lapse rate and surface albedo are separated and parameterized as follows:
Here T s is the surface temperature and T ref is a reference temperature based on the present-day climatology of the European Centre for Medium-Range Weather Forecasts (ECMWF)/ERA-40 meteorological re-analysis data (http://www.ecmwf. int/research/era/do/get/era-40). The terms DT CO2 and DT sol denote the changes in temperature according to changes in atmospheric CO 2 content and the change in temperature according to changes in insolation, respectively. The term DT nonlinear is a residual term due to other feedback effects. The effects of the atmospheric response to changes in ice-sheet size, DT ice , is decomposed into three terms DT ice~D T lapse zDT albedo zDT swf where the lapse-rate effect depends on the local surface elevation, the albedo effect depends on the ice-sheet size and the stationary-wave feedback of the atmosphere, DT swf . The stationary-wave feedback is prescribed in the model runs by a temperature map, where the lapse-rate effect is subtracted from the difference between a model experiments with full ice-sheet topography and a model experiment with only flat ice, but both with ice albedo. It is expressed as a product of a spatial pattern of the temperature anomaly and a factor, r, that depends on the ice-covered area over North America: . IcIES ice-sheet model. The numerical ice-sheet model used in this study is the icesheet model for integrated Earth-system studies (IcIES), which is a thermomechanically coupled model in the shallow-ice approximation. The model is driven by surface boundary conditions such as the distributed temporal variations of climate in terms of surface mass balance and temperature, and by basal boundary conditions such as the bed topography, fixed geothermal heat flux and fixed sediment/ hard-rock distribution. Sensitivity studies on model parameters and initial conditions are shown in Supplementary Figs 2, 4 and 5. The model modifications compared with ref. 22 are as follows.
(1) Basal sliding. The parameterization for basal sliding over the sediment and hard-rock follows ref. 36 . The grid points are categorized as either sediment type or hard-rock type. A sliding law of the form u b 5 CHj=hj n =h is used, where u b is the sliding velocity, H is the local ice thickness, =h is the surface inclination and C is the sliding coefficient. For the sediment-type grid points we use a linear sliding law with C 5 500 yr 21 and n 5 0, whereas for hard-rock-type grid points a nonlinear sliding law with C 5 10 5 yr 21 and n 5 2 is used. To prescribe the sediment area in the ice-sheet model, a global map of sediment thickness at a resolution of 1u by 1u provided by SEDMAP 37 is used. If the sediment thickness is more than 100 m, then sediment-type basal sliding is applied; otherwise, hard-rock-type sliding is applied.
(2) Calving. In addition to the passive calving at the margin of the land 22 (defined by a prescribed land mask), a parameterization of active calving 38 is implemented to represent a potential marine ice-sheet instability 39 . The calving flux (acting as grounding-line flux) at the margin is applied if a grid point satisfies the following three conditions: the bedrock elevation at the grid point is below sea level, corresponding to a marine ice-sheet situation; the surface mass balance at the grid point is negative, corresponding to an ablation area; and the grid faces the ocean, that is, at least one of the eight neighbouring grid points satisfies the floating condition. We apply a constant calving flux by replacing the surface ablation on this grid point by a fixed value (210 m yr 21 in the standard run). (3) Isostatic rebound. The dynamics of isostatic rebound is given by 22 
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where b, b 0 , H, t and r i are the transient bed elevation, the relaxed bed elevation without ice load, the ice thickness, time and the ice density, respectively. We introduce an effective mantle density of r eff 5 4,500 kg m 23 and a time constant of t 5 5,000 yr in the present study ( Supplementary Figs 2 and 4) . The high effective density and the time constant are optimized using the viscoelastic Earth model of ref. 40 coupled to the IcIES ice-sheet model 41 . The high effective density compensates for the missing elastic forces in Earth's crust, which reduce the total isostatic motion 42 .
